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ABSTRACT 
Results obtained with differently prepared gold electrodes in acid solutions containing 
chloride ion at temperatures ranging from 22 to 65°C are reported. Potentiostatie t chniques 
and rotating disc electrodes were employed. The anodic dissolution, the onset of passivity 
and the cathodic deposition of the metal are investigated under different experimental 
conditions. The anodic dissolution of Au is discussed in terms of possible reaction mecha- 
nisms involving the participation of different adsorbed species. The onset of passivation is 
related to the depletion of chloride ion at the reaction interface. The experimental volt- 
ammograms can be reproduced by means of an equation which considers the diffusion of 
chloride ion, the activation polarization related to the dissolution of Au and the establish- 
ment of passivity. 
INTRODUCTION 
The electrochemistry of gold in aqueous olutions, particularly in the pres- 
ence of complex-forming anions, such as C l - ,  Br- and CN- ,  has been studied 
for a long time [1--8] ,  because of its importance in gold refining, in gold 
plating, and more recently in circuit printing techniques. In spite of  the great 
deal of  work already made, data on the kinetics of gold electrode reactions 
are not altogether consistent. Thus, the participation of either soluble or ad- 
sorbed lower-valent gold species either as intermediates or as final products 
in the metal dissolution and in the passivation process and the role played by 
different adsorbed anions, such as Cl -  ion, in these processes are not definitely 
established. The adsorption of  traces of C1- ion on gold in 0.2 M H2SO4 solu- 
tion occurs in the potential region --0.2 V to 1.8 V and it causes an increase 
in the amount  of soluble gold produced uring the anodic and cathodic parts 
of a potential cycle at the electrode [9]. The adsorbed C1- ion apparently 
exists in two different states on a gold surface and is influenced by the crystal 
orientation of gold [ 10]. 
In C1- ion containing solutions the anodic dissolution of gold occurs at 
potentials which are close to the potential where the metal passivation sets in, 
due to the formation of  a thin oxide gold film [11--13] .  The influence of the 
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latter in the electrodissolution process is still uncertain. However, a competi- 
tion of C1- ion with oxygen for sites on gold has been postulated [3]. 
This paper reports the behaviour of gold electrodes in solutions containing 
C1- ion under different conditions, covering the active dissolution and passivity 
regions, and the electrodeposition region. 
EXPERIMENTAL 
A conventional three compartment electrolysis cell was used. Two different 
rotating disc working electrodes embedded in Teflon rods were employed: 
(i) a gold (J. Matthey, spectroscopic quality) electrode (0.124 cm2); (ii) a gold- 
plated gold electrode (0.071 cm2). Occasionally spectroscopic quality gold 
wire electrodes were used. The counter-electrode was a 2.5 cm 2 platinum sheet. 
A saturated calomel electrode was the reference lectrode. All potentials are 
reported vs. the SCE. Before each run the working electrodes were mirror 
polished with fine grain alumina suspension i  ethanol. 
Solutions were prepared with triple distilled water and A.R. chemicals. The 
composition employed is xHC1 + yNaCl + zHAuCl 4 • 3H20 + 1 M NaCIO4, 
where5X 10-a~<x< 1M;5X 10-a~<v4 1M;0~<z<~ 1.2X 10--2 and 
0.5 < pH ~< 7. Experiments were made from 22 to 65°C. The viscosity and 
specific gravity of solutions were determined as usual. 
The device to drive the RDE is described elsewhere [14]. The E/I curves 
were recorded under potentiostatic conditions, either stationary or potentio- 
dynamically, employing a triangular potential scan. Conventional coulometry 
was performed to determine the anodic dissolution yield of gold. 
RESULTS 
Potentiodynamic Eli curves run with a single symmetric triangular potential 
scan  
When a gold electrode is anodized in hydrochloric acid solutions various 
electrochemical reactions occur, depending on the applied potential. Thus, 
at potentials between 0.4 and 1.1 V gold electrodissolution takes place; at 
ca. 1.5 V a net oxygen evolution is observed and at potentials comprised be- 
tween those values, gold oxide films are formed. At ca. 0.99 V gold dissolu- 
tion occurs principally as Au(III) in good agreement with previous coulometric 
data [2,3,15]. The Au(III) concentration i  solution increases during repetitive 
potential scanning. 
A blank run, with a gold electrode in a 1 M NaC104 solution covering from 
+1.5 to --1.5 V, involves respectively at these extreme potentials, a net oxygen 
evolution and a net hydrogen evolution. In the region preceding molecular 
oxygen formation where the electrochemical oxidation of the gold surface 
takes place the maximum anodic current is about 25 gA. The electrochemical 
reduction of the surface oxide occurs at potentials lower than 0.9 V [13,16]. 
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Fig. 1. Voltammograms run with repetitive triangular potential sweeps at 150 mV s--1. 
3.04 x 10 -2  MHCI,  1MNaClO4,25°C.  
Reproducible potentiodynamic Eli profiles run with xM HC1 + 1 M NaC104 
solutions are only obtained after the gold electrode is activated with repetitive 
potential cycling between 0.3 and 1.17 V, at 50--200 mV s -1 , started towards 
the anodic direction {Fig. 1). Stable and reproducible E/I displays are obtained 
after 30 potential scans between 0.3 and 1.17 V, at 150 mV s -1. Then, the 
anodic and cathodic urrent peaks become better defined and the former being 
located at potentials more cathodic than those corresponding to earlier cycles. 
The anodic current corresponds to the electrodissolution f gold and the 
cathodic urrent o the electrodeposition f the dissolved metal. A deposit of 
gold can be separated by rubbing the activated electrodes with a filter paper. 
Cleaned electrodes exhibited the E/I characteristics of the unactivated elec- 
trodes. The electrode activation is apparently related to surface changes which 
assist he heterogeneous chemical processes involved in the electrode reaction. 
The anodic potential scan run between 0.3 V and 1.17 V (Fig. 2a), exhibits 
only the anodic current peak of the active dissolution of gold and that related 
to its electrodeposition. However, it can be shown that the cathodic E/I curves 
run within this potential region exhibit either one or two cathodic urrent 
peaks depending on the amplitude of the potential sweep and on the Cl- ion 
concentration i  solution. Two cathodic urrent peaks are seen when the anodic 
potential limit is lower than the anodic peak potential (Fig. 3). The same occurs 
at high C1- ion concentration (Figs. 3a,b). The cathodic urrent peak at 0.66 V 
corresponds to the electrodeposition f Au from AuC14 as the peak height in- 
creases with its concentration. 
On increasing the temperature the anodic current peak height increases and 
the peak potential becomes more cathodic. In general, the voltammograms ap- 
proach a more reversible shape as temperature increases. 
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F ig .  2. Vo l tammograms cover ing  d i f fe rent  potent ia l  ampl i tudes  a t  t, a = v c = 100 mV s -1  . 
1 .18  x 10 -2 ,~1 }{C], 1 M NaC]O4,  25cC.  
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F ig .  3. Vo l tammograms run  a t  d i f fe rent  u. (a )  t, a = u e = 100 mV s -1  ; (b )  u a = 100 mV s -1  
and  d i f fe rent  ue,  2 M HCI ,  1 M NaCIO4,  26°C;  (c )  u a = u e = I00  mV s -1 ,  0 .1  M NaCl ,  
1 M NaCIO4,  23 .8  °C .  
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When the anodic potential scan extends up to 1.65 V, a net passivation sets 
m (Figs. 2b,d). The E/I profiles show a net anodic current peak, an abrupt 
current decrease at 1.2 V and a smooth inflexion at about 1.5 V. The return- 
ing potential scan consists at least of two cathodic urrent peaks at 0.6 and 
0.9 V. Oxygen, if present, is electrochemically reduced at higher cathodic 
potentials than those related respectively to the surface oxide reduction (0.9 V) 
and to gold electrodeposition (0.6 V). The characteristics of the complemen- 
tary cathodic potential scan depend of the anodic potential limit reached uring 
the anodic scan. Thus, when the latter extends beyond 1.3 V, two cathodic ur- 
rent peaks are observed at 0.9 and 0.7 V. The cathodic peak height at 0.9 V in- 
creases markedly when the oxygen evolution region is reached, while the height 
of the other remains practically unaltered. 
At a constant Cl- ion concentration a change of pH between 0.5 and 7 pro- 
duces no appreciable modification of the potentiodynamic E/I curve in the 
active dissolution region but only a shift of the potential where passivity sets 
in. 
Degree of reversibility of the anodic dissolution reaction. Influence of the 
initial potential on the E/I profile 
The degree of reversibility of the anodic dissolution, as deduced from the 
voltammetric data depends to a great extent on the state of the metal surface 
The E/I profile run with an activated electrode from an initial potential, Ei, 
higher than that corresponding to the cathodic electrodeposition f gold 
(Fig. 4a), exhibits a notoriously irreversible anodic current peak. Thus, the 
initial portions of the anodic voltammograms run at different v are coincident 
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Fig. 4. Voltammograms run at different electrolysis time. 3.04 X 10 -2 M HCI, 1 M NaCIO4, 
25°C. (a) 2min anodization time at 1.0 V; (b) 5 min cathodization time at 0.3 V; (c) 
single triangular potential scan without previous electrolysis. 
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while the potentials of the anodic current peaks become more anodic as v in- 
creases. On the other hand, the E/I characterist ics obtained with fresh gold- 
plated gold electrodes f rom either at 0.4 or at 0.85 V upwards (Figs. 4a,c), 
attain a more reversible shape. Their initial port ions spread on the E/I plane 
accordingly with v. The actual area of gold-plated gold electrodes, however,  
is appreciably larger than that of  polished wire electrodes as deduced from 
the anodic charge related to the gold surface oxidat ion at ca. 1.13 V. 
Eli  profiles obtained with single symmetric trapezoidal potentiodynamic 
,¢~ans 
E/I profi les recorded at v~ = v~ but keeping the anode potential  constant  at 
1.3 V for a t ime T (0 ~< T ~< 1 min} elapsed between the anodic and the cathodic 
scans are seen in Fig. 5. As T decreases, the cathodic potential  scan exhibits an 
increasing anodic current,  the cathodic charge related to gold oxide reduct ion 
decreases and the cathodic current  related to Au(I I I  ) increases. This indicates 
a compet i t ion  between a passivation and a depassivation effect. The current 
peak height related to Au e lectroreduct ion decreases as T increases due to a 
decrease of Au( I I l )  concentrat ion at the interface. 
Anodic potentiostatic Eli curves with gold rotating disc electrodes 
Anodic potent iostat ic  E/I curves run with gold RDE, f rom 0.3 to 1.82 V, 
at 5 mV s -z  and di f ferent rotat ion speeds, w, exhibit  an active dissolution 
up to 1.17 V and a passive region f rom 1.17 to 1.9 V. In the former region 
the E / /curves  {Fig. 6), approach a limiting current.  Both, the current read at 
1.17 V and the l imiting current increase linearly with co I J2. At a constant  o3, 
the anodic l imiting current depends l inearly on the HC1 concentrat ion (Fig. 7). 
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Fig. 5. Voltammograms run  w i th  a trapezoidal potential scan .  E i = 0 .3  V ,  v a = v e = 100  mV 
s -1 ,5 .15x  10 --2 MHCI, 1 MNaCIO4,25°C.(a) r = 0 , (b ) l=  30s,(e) r = 60s. 
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Fig. 6. Anod ic  E/1 curves  run  with a RDE at 5 mV s -1  at d i f fe rent  ro ta t ion  speeds .  
xMNaCI ,  3 .2x  10 -1MHCI ,1  MNaC104,23 .8~'C . (a )x  = 5 x 10-2 ; (b )x= 10 - -1;  
(c) x = 1. 
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Fig. 7. ( I L )a  vs. (09) ] /2 plot, 2.35 X 10 -2  M HCl ,  1 M NaCIO4, 26°C and ( IL)a vs. cHCl 
plot at d i f ferent  ~ and 26 ° C. 
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The potent ia l  character i z ing  the  passive state  is apparent ly  independent  of  
CG1 12. 
At  low u the C1- ion concent ra t ion  at  the  in ter face  is rep len ished  ur ing  
ro ta t ion  so that  the  E/I prof i le  presents  no apprec iab le  hysteres is ,  t towever ,  
at the h ighest  u, the Eli prof i les  approach  those  obta ined  with the  so lu t ion  
at rest.  
E/I profiles run with asymmetric triangular potential sweeps 
Vo l tammograms run between 0.3 and 1.18 V at  u, = 100 mV s -1  and 
30 ~< v,, ~< 500 mV s -1  (F ig.  8b)  show that  the  amount  of  Au( I I I )  wh ich  is 
reduced dur ing  the  cathod ic  scan depends  on u¢, that  is on the t ime e lapsed 
to sweep the  potent ia l  reg ion compr ised  between the  anod ic  potent ia l  l im i t  
and the  beg inn ing  o f  the  reduct ion  process.  The  potent ia l  re la ted  to the  
cathod ic  cur rent  peak remains  pract i ca l ly  unchanged wi th  u¢, whi le  the  in i t ia l  
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Fig. 8. Vo l tammogramsrunatu  v u c.(a) u a = 30mVs -1 ,2 .54  × 10 -2MHCI ,1  M 
NaCIO4, 24.8 ¢ C. The arrow indicates the instant where the cathodic potential scanning 
rate is changed. (b) t' a = 100 mV S - -1  , 5.15 X 10 -2  M HCI, 1 M NaC104, 24.8°C. The 
potential sweep rate is changed at the anodic potential extreme. 
215 
SO~A 
O~OSV 
Fig. 9. Triangular single sweep voltammograms run at Va = Vc = 50 mV s -1 covering dif- 
ferent potential amplitudes. 2.54 × 10 --2M HCI, 1 MNaCIO4, 25°C. 
portions of the corresponding Eli profiles are separated. These experiments 
are confirmed by changing vc just at the instant when the potential reaches 
the point corresponding to the null net current (Fig. 8a). 
Effect of the amplitude of the potential scan on the cathodic urrent peak 
Potentiodynamic runs from 0.3 V upwardly at 50 mV s -1 (Fig. 9) with 
anodic potential limit varied from 1.085 V up to the passivity potential, show 
that the cathodic urrent peak height increases and becomes more anodic with 
the increasing anodic potential limit. Thus, the larger the amount of oxidation 
product he more positive the potential of the cathodic urrent peak is. When 
the amount of anodic product diminishes (lower anodic potential limit) a sec- 
ond cathodic urrent peak appears at ca. 0.91 V. 
E/I profiles run towards cathodic potentials 
Single cathodic potential sweeps run from 0.8 V towards cathodic potentials 
with an electrolytic solution containing AuC1j ion (Fig. 10) exhibit only the 
cathodic urrent peak at ca. 0.65 V which depends on v. The effect of potential 
cycling is also shown in the Figure. 
INTERPRETATION OF RESULTS 
The potential region of gold electrodissolution a d electrodeposition 
Potentiodynamic runs within the temperature (25 to 65 ° C) and concentra- 
tion (5 X 10 -3 M to 1 M) ranges investigated, show that either for activated 
216 
.0 
!v 
~,~ 
Ca05~, 
F :i 
. . . . . . . .  j 
Fig. 10. Vo l tammograms run in the cathod ic  d i rect ion.  5 .30  ~ 10 -..2 ),I HCI, 1 .20  × 10 -3  M 
HAuCI 4, 1 M NaCIO4,  26.2"C.  (a) Ef fect  of  e C (b) repet i t ive tr iangular potent ia l  scans at 
75 mV s - - I  . 
vl/~/{mV/s} '1~ 
C 5 10 "5 2C 25 
. -  : , : ~, ,~ . . . . . .  : , 
0 1 1 0 
0 10 20 30 40 50 
£C;" x 103/M 
Fig. 11. (lp)a vs. (u) 1/2 plots at different temperatures, 5.3 × 10 -2  M HCI,  1 M NaCIO 4 
and (Ip)a vs. CHC 1 plots at 25°C and different v. 
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Fig. 12. E/log l plots of the initial portions of the anodie voltammograms, 5.3 × ]O--2M 
HCI, l :11 NaCIO4, 25"C. (e) First sweep~ (x) intermediate sweep; (':") s teady  reversible 
behaviour, 3.04 × I0 --2 M HCI, 1 M NaCIO4, 25"~'C. 
Fi~.. 13. (Ep)  a vs. log L, plots at different emperatures, 5.3 × 10 -2  M HCI, 1 M NaCIO 4. 
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or non activated electrodes the height of the anodic current peak, (Ip)a, depends 
linearly on v 1/2 and, at a constant temperature, the slopes of the straight lines 
depend linearly on the HCI concentration (Fig. 11 ). The temperature depen- 
dence of (lp)~ fits an Arrhenius equation, with an apparent activation energy 
equal to 7.5 kJ tool - l  (1.8 kcal mol-1). 
The initial portions of the anodic E/I profiles corresponding to the activated 
electrode, are independent of AuClj addition and yield linear E/log I plots 
with slopes close to 2.3(RT/F) V/decade (Fig. 12), which are independent on 
va. The peak potential, (Ep)~, depends linearly on log v, the slope of the straight 
line being close to 2.3(RT/F) V/decade (Fig. 13). 
The degree of reversibility of gold anodes approaches two limiting situa- 
tions. On a fresh gold surface the reaction behaw;s reversibly, namely (Ep)~ 
is independent on v and the anodic current peak, at any constant potential, 
changes linearly with v 1/2 (Fig. 14). On the other hand, when the electrode 
surface is previously anodized (E,,)a changes linearly with log v and the initial 
portions of the E/I curw;s are coincident. The change from one case to 
another apparently operates continuously with the potential cycling (Fig. 12) 
as it is seen through the change of the slope of the corresponding E/log I plots 
of the initial portion of the anodic voltammograms. Thus, the first scan gives 
a linear plot over a range of 0.15 V with a slope equal to 2.3(2RT/F) V/de- 
cade, while the following cycles approach the slope equal to 2.3(RT/F) V/de- 
cade. 
The anodic E//curves obtained with gold RDE at 2 mV s -1 fit linear E/log I 
plots at potentials lower than the apparent half-wave potential. The whole 
anodic E/I curve can be linearized within a potential range of 0.11 V by 
plotting E vs. log [(IL -- I) / I]  (Fig. 15), where I L is the extrapolated limiting 
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Fig. 1.t. Dependence of the anodic current on ((,)1/2 at different potentials as indicated 
in the figure. 5.3 f 10 -2M HCI, 1 MNaCIO 4,25.8 C. 
current. At any rotation speed and C1- ion concentration, the slopes of the 
straight lines are close to the 2.3(RT/F) V/decade. 
The RDE data indicate that the rate of gold electrodissolution in C1-- ion 
containing solutions fits, within the concentration range investigated, a 1st 
order dependence with respect o Cl- ion concentration (Fig. 16) instead of 
a 2nd order dependence as it has been claimed [2]. The separation between 
the anodic and the cathodic urrent peaks observed in the potential region of 
gold electrodissolution a d electrodeposition, i creases with the Cl - ion con- 
centration and concomitantly, the anodic to cathodic harge ratio increases. 
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/ 
- o 
w 1.05'- ~ "  , 
- -Q20  
,oo/J" 
°"°  
~'_ ~ , ~ . . . .  ]o.,o 
-0 .4  -0 .2  0 0.2 0,4 OJ5 (3.8 1.0 1.2 
Fig. 15. E / log land  E/ log  [ ( IL - - I ) / IL ]  piots.(m) 1445rpm, 2.54 × 10 -2.~,I HCI, 1 M 
NaCIO4, 25"C; (+) '2.35 × 10-2M HCI, l :1,1 NaCIO4, 25~C. 
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Fig. 16. Dependence of the anodic limiting current density on chloride ion concentration. 
(×) Present work, E = 0.975 V;(e) from ref. [2], E = 0.978 V. 25 C. 
There is, therefore,  a net loss of the anodic dissolution product  by diffusion 
out of the interface into solut ion during the triangular potent ia l  scanning. 
When v c increases, a larger amount  of anodic product  is picked up during the 
cathodic potential  scan. Therefore,  as vc -* oo the total  amount  of anodic prod- 
uct should be reduced at the electrode. Unfortunate ly ,  the accurate evaluation 
of the total charge involved in the cathodic process is uncertain because of  
the smooth  slope of the cathodic E / /p ro f i le  at potentials more negative than 
the cathodic peak potential .  However,  the Q,/Q¢ ratio can be evaluated from 
the corresponding current peak height. 
The cathodic Eli profi les run with solutions containing AuC14- ion yield a 
linear (I~)~ vs. v~/~ plot and the cathodic peak potential ,  (E~)~, becomes more 
negative on increasing v. A linear (Ep)c vs. log v relat ionship is obta ined 
(Fig. 17) whose slope is close to 2.3(RT/F) V/decade. The cathodic E/I pro- 
1.0 1.5 2,0 Log v 2-5 
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0;25  I- × I ? 
, -XtX. ....4o 
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0.575~, / . __  , 1 . . . . . . .  
0 5 10 15 
v 1/2//( mV/s )1/2 
Fig. 17. ( /p )c  VS. (U) 1/2 and  (Ep)  c vs. log  v plots at 2o.2~" ° C. 5.30 X 1 0 -2  M HCI, 1.20 x 10 -3  
M HAuCt4, 1 M NaC104. 
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Fig. 18. (]p)¢ vs. (t,) l/2and ([p)c/(t,) 1/2vs. (t,) - l /2 plots at 24.8°C. 5.15 x 10 -2M HCI, 
1 M NaCIO 4. 
files pertaining to solutions wi thout  initial AuC1j ion yield a linear (/p)c vs. 
v~/2 dependence only when the diffusion out  of the interface of the reaction 
products  anodical ly formed,  is under control  (Fig. 18), although the straight 
line does not  intercept he origin of coordinates.  The value of (/p)c free of 
outward diffusion is obta ined after extrapolat ion of (Ip),,/v~/2 as a funct ion 
of 1/v~/2 at v¢ -~ ~ (Fig. 18). The extrapolated (Ip)c/v~/2 value is 1.7 t imes 
lower than the (Ix,)a/v] 1'2 ratio. This dif ference, in principle, can be attr ibuted 
to the di f ferent dif fusion coeff ic ients of C1- and AuC14- ions at the same 
ionic strength [18,19] .  
The first port ion of the cathodic potent ia l  scan also yields a Tafel relation- 
ship within a 0.1 V range with a slope of the order of  2.3(RT/F) V/decade. 
These results also suggest he possible est imat ion of a common potent ia l  at 
the intersection of the anodic and cathodic E/ log v lines (Fig. 19) which is 
1.1 ~. .~ ~-" J  
O.9~ 
log v x s/nnV 
Fig. 19. Dependences of current peak potentials on log v. 4.95 x 10 -`3 M HCI, 1 M NaCIO4, 
26 ° C. The two straight lines intercept at 1.0 V. 
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TABLE 1 
Potentials defined at the interception of the anodic and cathodic Tafel lines 
Solutions containing I M NaCIO 4 
cHc1/M 7'/° C Eext/V 
4.95 × 10 -3  26.0 1.000 
1.18 x 10 -2  26.8 0.944 
2.54 x 10 -2  25.0 0.917 
3.04 x 10 -2 26.0 0.904 
useful for overvoltage definit ion. Table 1 contains values of  the extrapolated 
potentials, Eext, at various C1- ions concentrat ion.  
The passivity region 
The passivity potential,  Epass , defined at the break of  the E/I profi le occur- 
ring at high anodic potential,  depends l inearly on the logarithm of C1- ion 
concentrat ion (Fig. 20) and pH. At 25°C the following equation is obeyed 
Epass = 1.568 + 2.3 (RT/F)  log Ccl_ -- 2.3 (RT/F)  pH (1) 
Accordingly, the passivity potential  shifts towards more cathodic potentials 
as the C1- ion concentrat ion decreases and the pH increases approaching, thus, 
the potential  of the electrodissolution current peak already described. Data 
previously reported by other authors about  Epass dependence on Ccn_ are also 
included in Fig. 20 [2]. 
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Fig. 20. Dependence of the passivity potential on chloride ion concentration at 25°C. (0) 
Present work; (×) from ref. [2]. 
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DISCUSSION 
The phenomenological aspects of Au electrodes in aqueous chloride solu- 
tions revealed the occurrence of various complex electrochemical reactions 
related to the active dissolution and the passivity of the metal. Their mecha- 
nistic interpretations can be attempted for the processes occurring both under 
stationary and non-stationary conditions. For the discussion of the probable 
reaction mechanisms it is convenient to survey certain aspects of Au elec- 
trodes such as those involving possible redox systems at equilibrium and the 
potential of zero charge of the metal. 
Preliminary considerations 
Ionic Au in aqueous chloride solutions may exist as AuC12 and AuC14 
complex ions, involving the following two equilibria: 
Au + 4 Cl- = AuC14 + 3 e (2) 
and 
AuC1j + 2 Au + 2 Cl-- = 3 AuCl~- (3) 
The equilibrium constant of the heterogeneous process (3), at infinite dilution 
and 25 ° C, obtained by extrapolation of formal equilibrium constants mea- 
sured at HCI concentration between 0.2 M and 2.0 M, is 1.8(+-0.3) × 10 --8. 
Therefore, the three possible redox couples at the interface are Au/AuCl2, 
Au/AuCl4 and AuC12/AuC14-, the first of which is considered as the potential 
determining one [19,20]. The AuC12 concentration depends on the C1- ion 
concentration and on the total concentration of Au complex ions. 
The potential of zero charge, E~, of polycrystalline Au in aqueous 
solutions depends on the ionic composition of the solution [21--24]. E~ 
becomes more negative with the anion present in solution in the order 
CIO~ < SO 2- < F -  < C1- ~ OH-  < Br- < I - .  This is in reasonable agreement 
with the adsorbabilities of anions on gold [ 24--26 ]. Au electrodes in HCI, 
NaCl and KC1 aqueous olutions how that E,, although it is independent of
the cation, depends on the C1- ion concentration according to [ 27 ] 
E~ (vs. NHE) = -- 0.15 + (2.3RT/F) log acl _ (4) 
At pH < 9, E,. is pH-independent and at pH > 9 it decreases linearly with pH. 
Within the C1- ion concentration and potential ranges prevailing in this work 
the Au electrode is always positively charged with respect o the solution. 
Then, it is quite likely that during the anodic runs the Au surface becomes 
practically saturated with adsorbed C1 " ions. 
The behaviour of Au anodes in HC104 solutions depends trongly on the 
presence or absence of halide ions [9--13,28--30] particularly in the potential 
region between 0.9--1.3 V (vs. SCE), preceding the oxygen evolution region 
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where the O i l -  ion plays an important  role in the formation of a surface 
oxide layer. Au dissolves in aqueous C1- ion containing solutions at 1.075 V 
while there is apparently no dissolution at 1.3 V, but in Br- ion solutions it 
dissolves in the whole potential range [ 31 ]. The analysis of results revealed 
that there is no appreciable interference of the surface oxide format ion in the 
active dissolution region, particularly at low pH and high CI- ion concentra- 
tions, as it has been previously suggested [ 13]. 
The poss ib le mechan ism o f  gold elee trodissolu tion 
Experimental  results indicate the anodic dissolution of Au in aqueous C1-- 
solutions, is a reaction under intermediate kinetics. The degree of reversibil ity 
depends trongly on the state of the gold surface. The kinetic parameters 
previously derived for the activated process can be interpreted in terms of  a 
reaction mechanism. 
A simple reaction, such as a direct anodic metal dissolution, is immediately 
discarded to explain the anodic  reaction, because the reaction depends 
strongly on the solution composit ion.  A second possibility such as an initial 
Cl-  ion discharge, is also, in principle, unlikely because this reaction occurs 
at potentials lower than 1.3 V. 
In acid solutions, Cl .... ions are specifically adsorbed on the positively 
charged Au electrode. Any reaction model for the dissolution process hould, 
then, be discussed in terms of specifically adsorbed C1- ions. A mechanism 
such as: 
Au + C1- ~- AuCI~-o 
AuCl~-d + C1- ~ (AuCI~-)ad + e 
3(AuCl2)ad ¢ AuC14 + 2 Au + 2C1- 
(5a) 
(5b) 
(5c) 
e in the absence of any concentrat ion polarization (Cc,__ = c ° e = electrode, 
CI - - '  
0 = bulk of  the solution), with step (5a) as a fast equil ibrium and step (5b) 
as rate determining step, under the condit ions that  01, the degree of  surface 
coverage by AuCl~-d, is much larger than that of (AuCl~-)ad, implies that the 
pseudo-equil ibrium constant of step (5a}, Ksa, is 
K5a = 01/(1 -- 01) Ccl (6) 
and the following expression for the anodic current density results: 
i a = Fk5b 01 Ccl_ exp[aaFE/RT  ] (7) 
where k5b is the formal rate constant of step (5b). Equation (7) involves two 
limiting cases. If ~a = 1/2 and 01 -* 1, it becomes 
i a ~ FkSb ccl_ exp[FE /2RT]  (8) 
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and when 0~ ~ O, it follows that: 
ia -~ Fk5b (Cc1_)2 Kna exp[FE/2RT] (9) 
Equations (8) and (9) agree only partially with the experimental results. 
Based upon mechanism (5) another eaction pathway can be postulated by 
assuming that step 15b) is actually, the sum of an electrochemical and a chemi- 
cal reaction, and that AuCI:2 and AuCI  4 ions participate in a homogeneous 
equilibrium : 
Au + C1- ~- AuC]~d (10a) 
AuCI~,-~ .~ AuCI~d + e (10b) 
AuCl~0 + C1- ~- (AuCIT)~d (10c) 
3(AuC12-).d ~- AuCl4- + 2(AuCl-).d (10d) 
(AuC17)aa ~ AuC12 (10e) 
3AuCI~- ~ AuCI4 + 2Au + 2CI (lOf) 
Three different species can now be adsorbed on the electrode, namely, 
AuCl~d, auClad and (AuCI 2 ).d, whose degree of surface cow,rage are respec- 
tiwdy, 0~, 02, and 0 a. If the active dissolution inw)lves a surface essentially 
saturated with the AuC17,h species, 
1- -01  =02 +0a ~ 0 (11) 
and equilibria (10a) and (10b) are given by: 
Klo~ = 01/ l l  -- (01 + 02 + 0a)] Cc,-- (12) 
K1Ob = (02/01) exp[-- FE/RT] (13) 
Then, the anodic current, under steady conditions, when reaction (10c) is 
rate determining is: 
i~ = FKxo~Klobklo,,(1-O1) (ecl )2 exp[FE/RT] (14) 
This equation establishes, in principle, a second rate process with respect o 
C1 ions and an anodic Tafel slope equal to RT/F. In equation (14) the 
( 1 -- 0 a ) term may become a sensitive rate limiting factor. 
If the reaction implies 0~ -~ 1, 02 < 0x and Ks~ 
%1- (1 --01) Kloa = 01 ~ 1 
Then, the stationary anodic current density is: 
ia-~ FKlobklo,,Ccj_ exp[FE/RT] 
Equation 
>> 1, eqn. (12) becomes: 
(15) 
(16) 
(16) corresponds to a 1st order rate law with respect o C1- ion 
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concentrat ion with an anodic Tafel slope equal to RT/F ,  in good correspon- 
dence with the exper imental  results. The assumpt ion that  01 ~ 1 implies that 
Kl0 a is so large that even at very low Cl -  ion concentrat ions,  the condit ion of 
adsorbed C1- ion saturat ion is practical ly always approached.  If the concentra-  
tion of Cl -  ion at the reaction interface changes with potential ,  the ratio be- 
tween c (' and ,(' is: Cl- CCl- 
id/( i  d - -  i) = c" /c" (17) 
CI - -  C I  - 
where i 0 is the l imiting current density due to the t ransport  process. Under 
these circumstances,  the rate equat ion for a process such as (10c) results: 
ia = io [(1 - -  ia / id)  exp(c~aF~/RT) ]  (18) 
io being the exchange current density and 7/the overpotent ia l  def ined with 
respect o the potential  at which exper imental ly  i = 0. 
At high positive potentials eqn. (18) implies a stat ionary mass t ransport  
l imiting current  as E ~ ~,  (col_ -. 0). This l imiting current density should 
change linearly both with the square root  of the rotat ion speed at the rotat ing 
disc electrode and Cl -  ion concentrat ion.  The corresponding potent iodynamic  
response is an anodic current peak whose height depends l inearly both  on 
the square root  of the potential  sweep rate and C1- ion concentrat ion and 
whose current peak potential  changes l inearly with log v. 
The postulated react ion mechanism involves the part ic ipat ion of the ad- 
sorbed AuCI~ ion in the r.d.s., while the format ion  of the AuCl~- ion results 
f rom a heterogeneous chemical equi l ibr ium essentially similar to that  measured 
through galvanic cells [27].  Accordingly when Cc Vo _ -~ 0, the AuC12 species 
should occur as the main react ion product.  Therefore,  the heterogeneous 
equi l ibr ium determines the magnitude of the Au(1)/Au(I I I )  concentrat ion 
ratio in solut ion [2], and it also explains the wel l -known gold sludge format ion  
at the anode. 
TABLE 2 
Diffusion coefficients derived from RDE data 
T/°C 
25.0 
25.8 
45.0 
64.6 
Solution composition 1 0 5 X D/cm 2 s -1 
xMHCI+ 1MNaCIO 4 
(2 X 10 -3  ~< x ~< 10--1) 1.47 
5.3x 10- -2+ 
1 M NaCIO 4 1.50 
5.3 x 10 -2  + 
1 M NaCIO 4 1.95 
5.3 x 10 -2  + 
1 M NaClO4 2.69 
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The diffusion coefficient of the CI- ion 
The mass t ransport  anodic l imiting current density determined with the 
RDE actual ly involves a null concentrat ion of C I  ion at the electrode sur- 
face. Under those c ircumstances if reaction {10f) is a fast process, the AuC17 
ion becomes the main react ion product  at the interface. Therefore,  the diffu- 
sion coeff ic ient of CI -  ion can be (,valuated f rom the l imiting current  density, 
through, for instance, Levich's equat ion 130], taking the number  of  charges 
per mol of reacting species, equal to 0.75. The calculated i f fusion coeffi- 
cient of C I  ion, D, (Table 2) agrees with those previously reported 1311. 
The passivity of  gold 
As clearly seen both in the RDE and in the potent iodynamic  runs, a de- 
finite passivity occurs at E > 1.17 V. To determine the format ion of  the 
passivating film at potentials close to the passivity potential .  Epass, at tent ion 
should be paid to the current decrease after the current peak recorded during 
the vo l tammetr ic  runs. The current  decay at Ep <~ E < Epas., fol lows (Fig. 21) 
the simple law expected for a diffusion control  reaction 132]: 
la  = A - -  Bt  1/2 (19)  
where la is the anodic current at t ime t and A and B are constants.  Therefore  
any interference of passivity in the active dissolution region at pH < 7 is, in 
principle, unlikely. Apparent ly  the onset of passivity requires Ccl_ '~ ~ 0. Then, 
the process corresponds to that exhibited by Au anodes in acid aqueous solu- 
tions containing either CIO4 or SO 4-  ions [ 33,34 ]. The dependence of  Ep~ss 
observed with Au electrodes oil the C1- ion concentrat ion and pH is very close 
to that observed for E,. This correspondence suggests a compet i t ive f fect be- 
I ImA~,x. . .  i . . . .  
2.25' "~ 
\ 
0.5 ~D 15 
(time/s) I/~ 
Fig. 21. Plot of an anodic voltammogram run with a single linear potential sweep taking 
into account he current decay when the current peak potential is exceeded. This plot 
corresponds to a voltammogram obtained with a solution 5.30 × 10 -2  M HCI, 1.20 x 10 -3 
M HAuCI4, 1 M NaCIO4 ; 25°C. 
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tween OH- and adsorbed C1- ions at the reaction interface. Apparently, the 
former species only reacts at the electrode surface after the adsorbed C1- ion 
is depleted there. 
On the other hand, the passivity potential lies close to the oxygen electrode 
potential and both exhibit a similar pH dependence. 
Therefore, the anodic behaviour of Au in Cl- ion containing solutions can 
be depicted as follows. At E :> E, the C1- ions are specifically adsorbed on 
the Au surface; when E > 0.9 V, Au dissolves anodically. In the range 
0.9 ~< E ~< Epass , the CI- concentration at the interface diminishes with poten- 
tial until the anodic dissolution becomes diffusion controlled. When E = Epass , 
the Ccl_ -+ 0 and at E :> Epass either the OH- ion or H20 discharge yields a 
surface oxide which passivates the metal. 
Reproduction of the anodic voltamrnogram 
The calculation of an experimental voltammogram including both the 
anodic dissolution and passivation regions, can be made by means of an 
equation containing two terms, one for the irreversible anodic dissolution 
under diffusion control and another taking into account passivation: 
Ia = (Ida.01.:< E' + (Io×)~: > a" (20) 
where 
Idiss= 602A (1 - -0 )n  (aana)l/2Dll2vl/2ccl_O ~(t) (21) 
and 
Io~ = (Io×)o A (1 --0) exp[F(Ei + vt)/RT] exp[--fO] (22) 
The current is given in A; A is the electrode area; ~ (t) is the current function 
and Ei is the initial potential. Equation (22) contains a Temkin factor, f, and 0 
the degree of surface coverage by the oxide. Equation (21) contains the term 
(1 -- 0) to express the actual electrode area. To obtain Iox one should express 
Io× as a function of 0 and time, t: 
Iox = Ako dO/dt (23) 
where te o is the amount of oxide required to form a monolayer film. Then, 
A(dO/dt) = (lo×/ko) (1 -- 0) exp[aaF(E i + vt)/RT] exp[-- fO] (24) 
Equation (24) is solved numerically to yield 0 = O(t). The instantaneous values 
of O(t) in eqn. (22) give Io× = lo×(E ). If E' represents he potential where the 
surface starts to be covered with the oxide layer, a complete surface oxidation 
is achieved at Epass. E' can be estimated from Fig. 21, as the potential where a 
deviation of experimental data from the theoretical I/t 1 ]2 plot is observed. 
Experimental nd theoretical data are shown in Fig. 22. Equation (24) predicts 
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Fig. 22. Comparison of an anodic voltammogram with results obtained with ('(in. (24) (x). 
Solution composit ion: 5.30 x 10 -2M HCI, 1.20 × 10 --:3M tiAuCI 4, 1 M NaCIO4;25°C. 
Fig. 23. Voltammograms run with different potential amplitudes by changing the anodic 
limit of potential. 1.18 × 10 -2MHCI ,  1 M NaCIO 4;64.0 °C. 
Iox = 0 when 0 = 1. This situation, however,  is not  attained because of the 
resistivity due to the passive film and the compet i t ion  between the film forma- 
tion and its chemical dissolution. The latter is appreciably enhanced in the 
presence of C1- ions as seen, for instance, in Fig. 23 where the amount  of 
cathodic charge related to the surface oxide e lectroreduct ion at 0.9 V is 
appreciably reduced and the anodic current  recorded at the init iation of the 
cathodic sweep increases when the cathodic potential  sweep rate decreases 
{Figs. 23b and c). These effects also depend on the anodic limit of the poten- 
tial sweep. 
Probable mechanism of  A u(II I) electrodeposit ion on A u 
In principle, one might expect  the occurrence of two e lectroreduct ion pro- 
cesses, with the part ic ipat ion of either AuCl 2 ion or AuCl4 ion depending on 
the C l -  concentrat ion.  With concentrated HCI solutions, there is a clear evi- 
dence of a cathodic current peak at I V, related to the e lectroreduct ion of
the AuCI2- species together  with a second cathodic current peak, at 0.675 V, 
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which corresponds to the AuCI~ discharge. The Au(I) electroreduction cur- 
rent is more easily detected uring the voltammetric runs, if the cathodic 
potential scan is initiated at anodic potentials where the C1- concentration 
at the interface is still close to the bulk concentration. 
When equilibrium (10f) is shifted to the right the main cathodic urrent is 
related to AuC14 discharge. This reaction can be interpreted with the same 
reaction pathway already discussed for the anodic process. Under potentio- 
dynamic onditions, however, at the initiation of the cathodic potential scan, 
the energetic and structural configurations of the reaction interface are differ- 
ent from those prevailing during the anodic potential scan, depending on the 
starting cathodic potential. 
The electrodeposition f Au is a complex process implying a change of the 
solid metal activity, which is difficult to control during the cathodic reaction. 
Under potentiodynamic conditions, it exhibits the characteristics of an irre- 
versible reaction, as the potential of the current peak changes linearly with 
log v. The slope of the line is either RT/F or 2RT/F, depending on the ex- 
perimental conditions. The peak potential (Ep)c is more cathodic the higher 
the C1- ion concentration. 
On the other hand, the larger the time elapsed between the anodic and the 
cathodic processes, the smaller the amount of charge taking part in the cathodic 
reaction because part of the anodic product diffuses out. These results, how- 
ever, contrarily to previously reported interpretation [35], exhibit neither any 
appreciable electrode roughness increase, nor any reversible type of process. 
The C1- ion concentration has quite a marked influence on the cathodic pro- 
cess, as previously shown by interrupting the anodic potential scan at different 
potentials in the region of the anodic current peak potential. The narrower 
e 0 the potential amplitude swept (Ccl_ -~ c ~ the more positive the cathodic 
e l - - '  
current peak potential becomes. These facts explain the apparent reversibility 
of the cathodic process observed in those runs, made at a constant va and 
changing vc. The reversible behaviour comes from opposite ffects. Thus, 
when vc increases, although (Ep)¢ becomes more cathodic with v~, the local 
Cl- ion concentration diminishes and, concomitantly the cathodic peak poten- 
tial results more anodic. 
The limiting Tafel slopes obtained from the initial portion of the cathodic 
voltammograms, agree with those derived from the E/log v plots. When the 
anodic reaction behaves reversibly the cathodic Tafel slope is 2RT/F. Other- 
wise, when the anodic reaction appears as irreversible, the cathodic Tafel 
slope is RT/F. These facts can be tentatively explained in terms of the reac- 
tion pathway already discussed for the anodic process. During the cathodic 
reaction the metal surface is still covered with adsorbed C1- ions since the 
potentials wept are still more positive than Ez. 
The cathodic reaction like the anodic one strongly depends on the ionic 
composition of the solution and on the characteristics of the base metal. 
Nevertheless, the latter seems to be much more important than any change of 
the electrode roughness. 
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